Background: Sepsis continues to be a leading cause of death in infants and children. Natural killer (NK) cells serve as a bridge between innate and adaptive immunity, yet their role in pediatric sepsis has not been well characterized. Methods: We tested the hypothesis that decreased NK cell cytotoxicity is a common feature of pediatric systemic inflammatory response syndrome (SIRS)/sepsis patients by measuring, using flow cytometry, NK cell cytotoxicity and cell surface phenotype in the peripheral blood of 38 pediatric intensive care patients who demonstrated signs and symptoms of SIRS and/or sepsis. results: NK cell cytotoxicity was significantly reduced in peripheral blood mononuclear cells (PBMCs) of pediatric SIRS/ sepsis patients as compared with healthy controls, and the percentage of CD56 dim CD16 + cytotoxic NK cells in PBMCs was lower in patients with SIRS/sepsis than in normal donors. However, on a per cell basis, CD56 dim CD16 + NK cells in patients mediated cytotoxicity as well as those in normal donors. conclusion: The NK cell dysfunction in pediatric SIRS/sepsis patients reflects a quantitative rather than a qualitative difference from healthy controls. s epsis continues to be a leading cause of mortality in children, with >40,000 cases of severe sepsis annually in the United States and millions worldwide; half of the children with severe sepsis in the United States are infants (1). Despite extensive research, our understanding of the mechanisms of the pathophysiology of sepsis remains poor (2), and we understand the role of the innate immune system even less. One cell type, the natural killer (NK) cell, may serve as a bridge between the innate and adaptive immune system, yet its role in pediatric sepsis has not been well described.
s epsis continues to be a leading cause of mortality in children, with >40,000 cases of severe sepsis annually in the United States and millions worldwide; half of the children with severe sepsis in the United States are infants (1) . Despite extensive research, our understanding of the mechanisms of the pathophysiology of sepsis remains poor (2), and we understand the role of the innate immune system even less. One cell type, the natural killer (NK) cell, may serve as a bridge between the innate and adaptive immune system, yet its role in pediatric sepsis has not been well described.
NK cells are small, bone marrow-derived granular lymphocytes that have the "natural" ability to kill abnormal targets such as virally-infected host cells or tumor cells, without prior sensitization (3) . NK cells are believed to be important for the control of chronic viral infections and to play a role in tumor surveillance through direct cytolysis and the secretion of cytokines. Newer data suggest that NK cells may also have an immunoregulatory role, and they may exhibit a form of acquired immune memory (4) . By flow cytometry, using forward scatter and side scatter, human NK cells are found in the lymphocyte gate, are negative for CD3 (as opposed to T cells and NKT cells), and are positive for either CD56 (neural cell adhesion marker) or CD16 (lowaffinity Fc-γ receptor III). Among NK cells, CD56 bright CD16 neg (cytokine-producing) NK cells are less cytotoxic and produce more cytokines, whereas CD56 dim CD16 + (cytotoxic) NK cells are more cytotoxic and produce fewer cytokines (5) . A highly dysfunctional population of NK cells (CD56 neg CD16 + ) has been described in chronic viral infections, although the role of these cells is not yet clear (6) (7) (8) .
Deficiencies in NK cell functions have been described in many disease processes such as trauma and burns (9) , and rheumatologic conditions such as juvenile rheumatoid arthritis (JRA) and systemic JRA (10, 11) . There are also data suggesting that NK cytotoxicity is reduced in adult (12) and neonatal (13) sepsis, although no mechanism for the deficiency has been described, and no such data exist for the pediatric population. We, therefore, investigated the frequency of NK cell subsets and NK activity in the peripheral blood of pediatric systemic inflammatory response syndrome (SIRS)/sepsis patients using flow cytometry-based assays.
RESULTS

Patient and Control Populations
We performed a prospective observational study of patients admitted to our pediatric intensive care unit (PICU) with signs and symptoms of SIRS or sepsis (14) . In an attempt to enroll patients early in their disease course, and because the distinction between SIRS and sepsis is made only by the eventual identification of an infectious agent, we chose to enroll patients with symptoms of SIRS. NK cell number, cell surface phenotype, and cytotoxicity against NK-susceptible K562 target cells were serially determined (whenever feasible) for each Articles Halstead et al.
patient (as often as twice weekly) while the patient remained in the PICU and was equipped with a vascular access catheter. A total of 38 pediatric SIRS/sepsis patients were consented and enrolled between June 2010 and June 2011. Twenty-six patients had only a single sample draw, whereas seven patients donated three or more samples. Only values (lytic units, percentages) from the initial blood draw were used for comparison with controls. As is typically the case in pediatric studies, pediatric control patients were difficult to recruit. Furthermore, finding relatively "healthy" pediatric control patients in the PICU setting was especially difficult. However, blood samples from two pediatric control patients who were admitted to the PICU without sepsis or multiple organ failure, but who had vascular access catheters, were included. In lieu of additional pediatric control patients, blood samples from 15 healthy adult control patients were collected, prepared, and analyzed concurrently with the patient samples.
Our cohort of patients was very heterogeneous and was a representative cross-section of the pediatric intensive care SIRS/ sepsis population ( Table 1 ). An infectious agent was found in the majority of our patients (81.6%), and of these patients, bacterial infections were the most common type of pathogen, followed by viruses and fungi. The most common pathogen causing disease in our patients was respiratory syncytial virus, a common finding in PICUs. Two respiratory virus pathogens, respiratory syncytial virus and influenza B, were found in one patient (patient 83), hence the number discrepancy in Table 1 . Even though the Children's Hospital of Pittsburgh PICU does admit and care for a large number of solid organ transplant patients, only two of these patients were enrolled in our study, and therefore they did not contribute significantly to our outcomes. Similar to other studies, children with chronic illness accounted for approximately half of our sample cohort (1). The majority of our patients had some degree of organ failure associated with their SIRS/sepsis event: 84.2% of our patients had severe sepsis, and 52.6% of our patients progressed to multiple organ dysfunction syndrome. Two of the patients (patients 41 and 90) did not survive their PICU admission: patient 41 died of fungus-associated pulmonary hemorrhage; and patient 90 had severe acute respiratory distress syndrome associated with respiratory syncytial virus and secondary infection with Staphylococcus aureus, and had an intracerebral hemorrhage on extracorporeal membrane oxygenation.
NK Cell Cytotoxicity
The spontaneous cytotoxicity of NK cells in peripheral blood mononuclear cells (PBMCs) was assayed using a 3-h flow cytometry-based assay (Figure 1a,b) . NK cytotoxicity was reduced in PBMCs of virtually all of the pediatric SIRS/sepsis patients relative to controls. In several patients, the measured cytotoxicity was below the limit of detection (%cytotoxicity -%spontaneous death = negative number), and the lytic activities were assigned values of zero (0 lytic units). Initial NK cell cytotoxicity was significantly reduced in pediatric SIRS/sepsis patients as compared with healthy adult controls (20.7 ± 5.89 vs. 108 ± 25.1 LU 20 /10 7 PBMCs, P < 0.0001, Figure 1b) . Two healthy pediatric control patients had NK cell cytotoxicity that compared well with healthy adult controls (180 ± 68.1, Figure 1b ). Only two pediatric SIRS/sepsis patients (patients 65 and 79) had initial NK lytic activity (198 and 80.0 LU 20 /10 7 PBMCs, respectively) that compared to that of the healthy control patients. Patient 65 had SIRS from toxic shock syndrome and was only briefly admitted to the PICU, and patient 79 had severe sepsis from a gastric perforation. The rest of the pediatric SIRS/sepsis patients had markedly reduced lytic activity (<50 LU 20 /10 7 PBMCs).
Frequency and Numbers of NK Cells in PBMCs
The low levels of NK cytotoxicity seen in the patients' PBMCs could be due to poor cell function or to decreased numbers of NK cells present. NK cells are typically classified by surface expression of CD56 and/or CD16, with CD56 dim CD16 + cells considered as being strongly cytotoxic and weak cytokine producers whereas CD56 bright CD16 neg NK cells are weakly cytotoxic but strong cytokine producers (5) . Another subpopulation of NK cells, CD56 neg CD16 + , has also been described in viral disease processes such as hepatitis C, HIV, and hantavirus, and may be dysfunctional (15) (16) (17) . Pediatric SIRS/sepsis patients did not have any significant change in the proportion of CD56 bright CD16 neg NK cells within total NK cells (Figure 2a,b) . Figure 2c ). Therefore, there was not so much a skewing of the CD16 + population as there was a loss of CD56 dim CD16 + cells in the peripheral blood. Our healthy pediatric control patients had NK subpopulation frequencies and numbers that were similar to those of healthy adult controls (Figure 2c) .
The presumably dysfunctional population of CD56 neg CD16 + cells has been infrequently described; therefore, we performed additional cell surface and intracellular staining to show they had properties of NK cells. The CD56 neg CD16 + cells were found in the lymphocyte gate by forward scatter and side scatter, were negative for CD3 (T cells), CD14 (monocytes), and CD19 (B cells), and had comparable expression of NK cell markers, including CD2, CD7, CD11b, CD62L, NKG2A, NKp30, NKp46, and intracellular perforin, as the CD56 bright CD16
neg and CD56 dim CD16 + NK populations. We could find no pattern of difference of NK activation receptor or killer inhibitory receptor expression between patients' and control NK cells.
Quality of Cytotoxic NK Cells
We attempted to determine whether the reduced cytolytic activity in PBMCs of pediatric SIRS/sepsis patients was due to the quality of the NK cells or just the reduced frequency. Using flow cytometry without purifying NK cells, we were able to determine the frequency of cytotoxic CD56 dim CD16 + NK cells in patients' PBMCs. The percentage of these cytolytic NK cells was significantly reduced in pediatric SIRS/sepsis patients relative to healthy controls (4.25 ± 0.564 vs. 1.66 ± 0.342%, P < 0.001, Figure 3a) . When the NK cell cytotoxicity was adjusted to account only for the percentage of CD56 dim CD16 + cytotoxic NK cells in PBMCs, no difference in cytotoxicity between the patients and the controls was evident: 32.6 ± 16.5 vs. 27.9 ± 8.29 LU 20 /10 5 CD56 dim CD16 + NK cells (Figure 3b) . These data are consistent with the conclusion that it is the low frequency of CD56 dim CD16 + NK cells in the peripheral blood of pediatric SIRS/sepsis patients and not cellular dysfunction that is responsible for the observed low levels of cytolytic activity.
DISCUSSION
Whereas NK cytotoxicity deficiencies have been reported in adult and neonatal sepsis, this is the first report to show that the same deficiency occurs in pediatric SIRS/sepsis patients, and furthermore, we found that the mechanism of the deficiency is not a qualitative one but a quantitative deficit of peripheral blood cytotoxic CD56 dim CD16 + NK cells. Pediatric SIRS/sepsis can now be added to the list of disease processes that are characterized by low/absent NK activity as measured by the basic NK cytotoxicity assay. By measuring both the percentage of cytotoxic NK cells in each sample and its cytotoxicity, we were able to show that the cytotoxic deficiency in pediatric SIRS/sepsis patients is due to the low frequency of cytotoxic NK cells and presumably not to any cellular defects in cytotoxicity. Ideally, qualitative differences in cytotoxicity could have been measured by isolating NK cells prior to the cytotoxicity assay; however, this was not feasible in our study due to the low numbers of NK cells in pediatric SIRS/sepsis patients.
The quantitative cytotoxic deficiency seems to be in large part due to the reduced frequency of NK cells in the peripheral blood of pediatric SIRS/sepsis patients. Peripheral white blood cell counts in pediatric sepsis can either be increased or decreased, but there is generally an increase in absolute neutrophil counts with or without a left shift or bandemia. This neutrophilia is accompanied by stable or reduced absolute Articles Halstead et al.
lymphocyte counts, which lead to a relative decreased percentage of peripherally circulating lymphocytes and therefore a decreased frequency of NK cells of PBMCs. Our results also raise the possibility that quantitative rather than qualitative deficiencies in NK cells may be at the heart of other disease processes, such as rheumatologic conditions, burns, and trauma, in which NK activity has been shown to be low/absent. Further studies are warranted to address this possibility. Within the NK cell population, we showed a significant reduction in the proportion and absolute number of cytotoxic CD56 dim CD16 + NK cells. There could be several explanations for this observation: (i) the cytotoxic NK cells may have migrated out of peripheral blood to the site of infection or to lymph nodes, (ii) the cytotoxic NK cells may be undergoing apoptosis at an increased rate, and (iii) the cytotoxic NK cells may be being skewed toward a dysfunctional, highly activated CD56 neg CD16 + phenotype as this temporal phenomenon has been described in patients with HIV (7). The significance of the increased proportion of the dysfunctional CD56 neg CD16 + NK cell population is unclear and may simply reflect a stable population of CD56 neg CD16 + NK cells (numerator) being divided by a smaller denominator because of the loss of cytotoxic CD56 dim CD16 + NK cells. In our patients, generally, the frequency of this dysfunctional NK subset was highest early in the PICU admission/study and gradually declined over time (data not shown). However, a few patients had steady or increasing frequency of the dysfunctional NK subset over time, and several patients had 
NK cells in pediatric sepsis
Articles extremely high percentages (>50% of NK cells) of the dysfunctional CD56 neg CD16 + subset, although the patients did not share any other laboratory or clinical findings. Further research is needed to elucidate the nature of this NK subset population.
We chose to examine the final product of NK cytotoxicity, target cell death, as the marker of NK cell function. NK cellular cytotoxicity is a granule-dependent exocytic process. Exocytosis is a fundamental cellular process that is composed of many steps, including polarization, docking, priming, and fusion. Through granule-dependent exocytosis, NK cells are able to deliver its various cytotoxic proteins, including perforin, granzymes, granulysin and other lysosomal enzymes, to the target cell. Ultimately, defects in any of the steps, or absence of key proteins, can lead to dysfunctional cellular cytotoxicity (18) and can result in familial hemophagocytic lymphohistiocytosis (FHL) or other syndromes in which hemophagocytic lymphohistiocytosis can be seen. To date, the underlying genetic defect of FHL has been described for four loci, whereas other syndromes have also been shown to have defects of the exocytosis process. Lysosomal trafficking regulator, whose defect causes Chediak-Higashi syndrome, and adaptor protein 3 are involved in polarization: the transport of proteins from the Golgi to cytotoxic granules. Other proteins such as Rab27a (Griscelli syndrome type 2), syntaxin 11 (FHL4), Munc13-4 (FHL3), and Munc18-2 (FHL5) are involved in the regulation of granule docking and membrane fusion and can be identified by varying degrees of defective CD107a (LAMP-1) staining, also known as the degranulation assay, which estimates cellular cytotoxicity. Whereas the exact mechanism of perforin is controversial, the absence of intracytoplasmic staining of perforin (PRF1 mutations) can identify patients with FHL2 (19) . Functional assays, including CD107a mobilization, intracellular cytokine production, and intracytoplasmic perforin staining, can be combined to help differentiate the subtypes of FHL (20, 21) .
There were several limitations of our study. Many of our patients had NK activity that was below the limit of detection of our assay (the measure cytotoxicity was lower than the spontaneous death of target cells). This is not a limitation of the flow cytometric assay as compared with the 51 Cr-release assay. In fact, it is our experience that the flow cytometric assay has a better dynamic range than the 51 Cr-release assay. Another limitation of our study is the low number of pediatric control patients. Whereas we had hoped to enroll more pediatric control patients, we did not wish to contaminate our control population with patients who had recently been stressed, such as postoperative patients and patients in the recovery phase after illness. Given that our healthy pediatric control NK activities were comparable with those of healthy adult controls, we are confident in our data. Other studies have used historic controls for their comparison groups. We feel that this is not appropriate because the NK activity assay, being a functional cellular assay, is highly dependent on the health of the target cells, which can change over time, and therefore concurrent measurement of controls and samples is necessary.
METHODS
Patients
Pediatric patients were eligible for enrollment when the following criteria were fulfilled: (i) admission to the PICU, (ii) presence of an indwelling catheter for sample collection, and (iii) presence of clinical signs and symptoms of sepsis and/or SIRS (14) . The study was approved by the University of Pittsburgh Institutional Review Board (IRB no. PRO09060070), and blood samples were collected during the acute phase of the syndrome after obtaining informed consent from parents or guardians.
Sample Preparation
Blood samples from pediatric SIRS/sepsis patients were collected in sodium heparin tubes. PBMCs were separated by density centrifugation (Ficoll-Paque Plus, density 1.077 g/ml; GE Healthcare BioSciences AB, Uppsala, Sweden). Cells were resuspended in Aim-V medium (Gibco Products, Grand Island, NY). All cell counts were performed using a Z1 Coulter Particle Counter (Beckman Coulter, Fullerton, CA) after red blood cell lysis with Zap-O-Globin II Lytic Reagent (Beckman Coulter).
Control Subjects
Blood samples from healthy adult controls were similarly collected in sodium heparin tubes, PBMCs were separated by density centrifugation, and samples were analyzed in parallel with samples from pediatric SIRS/sepsis patients. To control for age variability, we were able to enroll two pediatric control patients (2-mo-old female, 7-y-old male) who fulfilled criteria i and ii above but did not exhibit any signs or symptoms of SIRS/sepsis.
Cell Surface Flow Cytometric Analysis
PBMCs were surface stained with the following antibody fluorochrome combinations: CD16-fluorescein isothiocyanate, CD3-phycoerythrin/Texas red (ECD), and CD56-phycoerythrin/Cy5 (PECy5). The FL2 channel, using the phycoerythrin fluorochrome, was used for additional analysis of multiple cell surface markers, including CD2, CD7, CD14, CD19, NKG2A, killer inhibitory receptors, NKG2D, NKp30, NKp46, and CD94. Cells were stained and washed in phosphate-buffered saline with 3% heat-inactivated fetal bovine serum and 0.01% sodium azide. Cell staining was performed at 4 °C for 20 min with a volume of 20 μl per stain. Cells were washed once and fixed with 1% paraformaldehyde. All flow cytometry data were acquired on a 4-color Epics XL (Beckman Coulter) flow cytometer. For cell surface phenotype determination, a minimum of 100,000 events were acquired and analyzed using FlowJo 9.3.1 software (TreeStar, Mountain View, CA).
Intracellular Staining
For analysis of intracellular perforin, unstimulated cells were first surface stained as described above and then the cells were fixed and permeabilized using eBioscience Fixation & Permeabilization buffers (eBioscience, San Diego, CA). Cells were stained for intracellular perforin with anti-perforin-phycoerythrin (Beckman Coulter) for 15 min at 4 °C. Cells were washed using Permeabilization buffer and fixed with 1% (wt/vol) paraformaldehyde in phosphate-buffered saline. For intracellular phenotype determination, a minimum of 100,000 events were acquired.
NK Cytotoxicity Assay
NK cell cytotoxicity was performed as previously described (22) Cr-release cytotoxicity assay, we chose to use the fluorochrome-based flow cytometry cytotoxicity assay instead because we have found it to be more sensitive and safer because no radiation is used. The modified flow cytometry cytotoxicity assay was validated against the 51 Articles Halstead et al.
washed with serum-free phosphate-buffered saline and then stained with carboxy-fluorescein succinimidyl ester (CFSE) at a concentration of 2 μmol/l for 5 min. The reaction was stopped by the addition of 1 ml of heat-inactivated fetal bovine serum. The cells were washed with phosphate-buffered saline and resuspended in AIM-V media (Invitrogen, Carlsbad, CA) to give a concentration of 0.5 × 10 6 cells/ ml. Target cells (5 × 10 5 cells) were mixed with varying numbers of PBMCs to give varying effector to target (E:T) ratios in 12 × 75 mm polypropylene round-bottom tubes for 3 h at 37 °C. At the end of the incubation period, 7-aminoactinomycin D (7-AAD; Invitrogen) was added to the tubes at a final concentration of 1 μg/ml. Events (minimum 5,000 events) were acquired on a 4-color Epics XL flow cytometer and analyzed using FlowJo software (TreeStar). Percentage of target cell death equaled the percentage of 7AAD + /CFSE + cells of total CFSE + cells (Figure 1a) . Spontaneous K562 cell death as measured by 7-AAD positivity was typically 3-6%.
% Cytotoxicity (of a given E:T ratio) = % target cell death (of a given E:T ratio) -% spontaneous cell death.
Because often the percentage lysis and E:T ratio relationship is not linear (lysis often reaches a maximum at high E:T ratios) (23), we used a computer program (David Coggin, 1991) that fits cytotoxicity data to the exponential curve: 
Statistics
All cytotoxicity data in lytic units were expressed as mean values ± SEM. Results were compared using the Wilcoxon's rank-sum test because the data were not normally distributed. All statistical analyses were performed using JMP 8.0 for Mac OS X software (SAS Institute, Cary, NC). Results were considered significant when P < 0.05.
